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We have measured ac magnetic susceptibility ��=��+ i��� of the electron-doped superconducting
Pr0.88LaCe0.12CuO4−� with applied magnetic field �H� either parallel or perpendicular to the CuO2 plane
�H �ab-plane or H �c-axis�. For H �ab-plane, a peak in the temperature dependence of the screening current is
revealed as a dip in the real part of the ac susceptibility �. The temperature at which this peak anomaly occurs
decreases with increasing field and lies well below the irreversibility line in the H-T phase diagram. This peak
effect may arise from the phase transition of Josephson vortices from a quasiordered vortex lattice to a
disordered glass phase.
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I. INTRODUCTION

Determining the magnetic phase diagram of the vortex
lattice in type-II superconductors is important because of its
potential technical applications. In the mixed state, the criti-
cal current density Jc or the magnetization, instead of de-
creasing monotonically, may go through a maximum and
thus exhibit a peak feature with increasing temperature T or
magnetic field H. Many experimental and theoretical efforts
have been carried out to understand the underlying mecha-
nism of this anomalous phenomenon.

The peak effect has been observed in various supercon-
ductors, including conventional superconductors such as
MgB2 �Ref. 1� and high-Tc cuprates. In low-Tc conventional
superconductors such as Nb,2 2H-NbSe2,3,4 and CeRu2,5 it
generally appears at H near the upper critical field Hc2�T�. In
high-Tc copper oxide Bi2Sr2CaCu2O8+� �Bi2212�,6 a sharp
increase in magnetization with increasing H, as the onset of
the peak anomaly, has been observed in isothermal magneti-
zation hysteresis loops. This so-called second peak, which
occurs well below the irreversibility field Hirr�T� at low tem-
perature, is also mapped as the fishtail peak in YBa2Cu3O7−�

�YBCO� crystals.7 In a pure YBCO crystal,8 a giant peak
effect in the ac susceptibility has been reported and inter-
preted as the signature of a vortex-lattice melting transition.

It is generally believed that the vortex phase diagram is
governed by the interplay between three energy scales: the
vortex elastic energy Eel, the thermal fluctuation energy Eth
and the pinning energy Epin.

9 Although the roles of these
basic energies in producing the peak effect have been
discussed,10 it is difficult to separate individual effects in
some materials.4 The electron-doped cuprates
R2−xCexCuO4−� �R=La,Pr,Nd�, as a small family of high-Tc

superconductors, have relatively lower transition tempera-
tures �Tc�25 K� than the hole-doped cuprates �Tc�90 K
for YBCO�. Using the material parameters of the
Nd2−xCexCuO4−� �NCCO�,11 the Ginzburg number Gi
= �Tc /Hc

2�c�ab
2 �2 /2, where Hc, �ab, and �c are the thermody-

namic critical field, the coherence length in ab-plane and
along c-axis at T=0, respectively,9 a measure of the thermal

fluctuations, is estimated to be 10−3 which is lower than
many other cuprates �10−2 for YBCO�. This implies a less
significant role for Eth in NCCO, which was indeed demon-
strated in previous local magnetic measurements12 where the
onset of the second peak was discussed as due to the com-
petition between the Epin and Eel and the contribution of Eth
was ignored. Since superconducting NCCO has �Nd,Ce�2O3

as a impurity phase which can be polarized by an applied
field,13 it is clearly interesting to explore the vortex matter in
electron-doped superconducting Pr0.88LaCe0.12CuO4−�

�PLCCO� where the cubic impurity phase �Pr,La,Ce�2O has
a nonmagnetic ground state14 and therefore will not influence
the vortex lattice.

Most previous measurements showing the peak effect in
high-Tc superconductors were performed for H �c-axis, i.e.,
H perpendicular to the CuO2 layers. The vortex matter forms
a lattice of stacks of pancake vortices in this field configura-
tion, whereas it forms a lattice of Josephson vortices when
the applied field is parallel to the layers �H �ab-plane�.9 In
high-Tc cuprates, due to the anisotropy and the underlying
layered structure, Josephson vortices are stretched strongly
and separated by a large distance along the layers. Conse-
quently, the lattice of Josephson vortices becomes deformed
compared with the regular-triangle lattice of pancake vorti-
ces. Another characteristic of Josephson vortices is the pres-
ence of intrinsic pinning.15 The periodic modulation of the
order parameter along the c axis tends to confine Josephson
vortices to the region between two neighboring CuO2 planes
in order to reduce the loss of the superconducting cohesive
energy, and thus works as a nonrandom source of intrinsic
pinning. These new features offer possibilities for behavior
in the phases and phase transitions of Josephson vortices.

In this paper, we present a study of the ac magnetic re-
sponse in a PLCCO single crystal, which, as a sister of the
NCCO, is another highly anisotropic electron-doped cuprate
superconductor �anisotropy ratio ��1/20�.16 The suscepti-
bility is found to show qualitatively different features be-
tween H �ab-plane and H �c-axis. For H �ab-plane we find
the peak effect due to Josephson vortices. It appears at lower
temperature with increasing dc field and the characteristic
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line of the peak effect is located far below the irreversibility
line in the vortex H-T phase diagram. The peak effect may
arise from a disorder-induced transition in the solid phase of
the Josephson vortex matter.

II. EXPERIMENTAL DETAILS

The high quality PLCCO single crystal was grown
by the traveling solvent floating zone method. It has a
mass of 6.58 mg and a bar shape with dimensions
0.86�0.70�1.76 mm3 �the c axis along the longest dimen-
sion�. By using a Quantum Design superconducting quantum
interference device �SQUID� magnetometer, the sample was
characterized by dc magnetization at 10 Oe parallel to the
ab-plane �zero field cooled�, showing a sharp superconduct-
ing transition with a critical temperature Tc�23.5 K. This
indicates a homogeneity of the sample along the c axis.

The ac susceptibility �=��+ i�� was measured with the
mutual inductance technique using the MP �magnetic prop-
erties� probe of an Oxford-MaglabEXA-12 cryogenic sys-
tem. In this paper the main results were obtained with both
ac and dc fields applied parallel to the ab-plane of the crys-
tal. For comparison the susceptibility with fields parallel to
the c axis is also presented. For each measurement, the dc
field was applied above Tc and then the sample was cooled to
the lowest desired temperature without any applied ac field,
and finally the ac field was superimposed and data were re-
corded in the warming process. Most of the curves were
obtained at a sweeping rate of 0.3 K/min.

III. RESULTS AND DISCUSSION

A. Comparison between H ¸ab-plane and H ¸c-axis

We first determine the behavior of the ac response in
PLCCO. In general, the real part of the ac susceptibility ����
is a measure of the screening properties of the sample and
the imaginary part ���� measures the energy dissipation. For
type-II superconductors, the dissipation mechanism in the ac
response may be viscous flux flow or hysteresis due to the
pinning of flux lines. The former may be treated in a linear
diffusive model17 which shows that � depends on the fre-
quency f but not on the amplitude h of the ac field, whereas
the latter can be described in a critical state model18 predict-
ing an amplitude dependent but frequency independent ac
susceptibility. By measuring the h and f dependence of the
ac susceptibility, we can determine different contributions to
the vortex dynamics.

Figure 1 shows ��T� at various h and f of Hac�ab-plane in
zero dc field. Susceptibility ��T� at f =333 Hz depends
strongly on the amplitude of Hac �Fig. 1�a��. At h=1 Oe, the
ac susceptibility gives a Tc�23.8 K �upper onset of ��
peak�, similar to the dc magnetization result. As h increases,
�� shows a broad transition and its low temperature part
shifts upward corresponding to a decrease in the screening
current. At the same time, the peak of �� becomes wider and
shifts to lower T and its height increases. Note that the dis-
sipation is still appreciable even down to T=2 K at
h=15 Oe. These features clearly characterize a nonlinear re-
sponse of the sample under the measured condition. On the

other hand, ��T� is almost independent on the frequency, as
depicted in Figs. 1�b�–1�d� where � vs T with varying f at
fixed amplitude h=1, 5, and 10 Oe are shown, respectively.
This frequency independence of ��T�, together with its
strongly amplitude dependence, indicates that the ac re-
sponse for H �ab-plane is consistent with the critical state
model.

Figure 2 and 3 show the ac response of the sample for
H �c-axis in zero and nonzero dc fields, respectively. Let us
first see the susceptibility at various Hac in Hdc=0 T. Figure
2�a� is the plot of ��T� at different amplitudes, f =333 Hz.
With increasing h, in the vicinity of the superconducting
transition there is a weak shift of the curve to lower tempera-
ture, but the width of the transition in �� remains almost
unchanged. The �� peaks are still symmetric and the peak
heights are the same for h varied from 5 Oe to 30 Oe.
Shown in Fig. 2�b� is the frequency dependence of ��T� at
h=10 Oe. The curve moves slightly to higher temperature as
f increases in the range measured. These features are quali-
tatively different from those shown for H �ab-plane and sug-
gest that the response of the crystal for H �c-axis is more
close to the flux flow regime, though the amplitude depen-
dence of ��T� near Tc may relate to some thermal activated
processes.19 Another prominent difference between
H �ab-plane and H �c-axis, revealed in Fig. 2, is that for
H �c-axis at low temperature the sample maintains full flux
expulsion and thus exhibits a completely linear response up
to h=30 Oe. The appearance of nonlinear response at lower
ac fields for H �ab-plane may partly arise from the presence
of intrinsic pinning due to CuO2 planes.

Shown in Fig. 3�a� is the ��T� for H �c-axis at different
Hac in Hdc=0.05 T. We see its variation with h is similar to

FIG. 1. �Color online� Temperature dependence of the
ac susceptibility �=��+ i�� for Hac�ab-plane at different h and
f �Hdc=0 T�. �a� Variation of h from 1 Oe to 15 Oe at fixed
f =333 Hz. �b� Variation of f from 333 Hz to 5 kHz at h=1 Oe. �c�
f =333 and 5 kHz, h=5 Oe. �d� f =333 and 1 kHz, h=10 Oe.
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the one presented in Fig. 2�a� for Hdc=0 T. In particular, it
also shows the amplitude independence at low T, indicating
again a linear response of the sample in this temperature

range. In Fig. 3�b� are the curves at Hac=30 Oe with Hdc
ranging from 0 T to 0.3 T. When increasing the dc field, the
superconducting transition shifts parallel to lower tempera-
ture with no pronounced broadening, which, resembling the
behavior in conventional type-II superconductors, is analo-
gous to the observation in measurements at Hac=1 Oe �not
shown�.

B. Peak effect for H ¸ab-plane

In this part, unless otherwise specified, the presented data
and relating discussion are all for H �ab-plane, i.e.,
Hdc�Hac�ab-plane, with Hac fixed at f =333 Hz. Figure 4
shows ��T� in Hdc=0.05 T for different amplitudes of Hac.
When h increases to 10 Oe, �� shows a dip in its temperature
dependence and a shoulder forms in �� on its original peak
structure. Similar effect happens at h=15 Oe, except that the
shoulder in ���T� evolves into an additional small peak. This
dip feature in ���T�, as a well-established signature of the
peak effect,20–22 manifests its existence in PLCCO for
H �ab-plane. In the critical state model, the screening current
in the sample is the Jc and both ac field and current penetrate
to a depth Lp�h /Jc. Moreover, � is a function of the ratio of
Lp to the characteristic dimension of the sample.23 Therefore,
the measurement of � is essentially equivalent to a measure-
ment of Jc. Particularly, a numerical approximation gives
��=−�Jcd /h �in cgs�, where d is the width of the sample.20

So the dip in ���T� signifies a peak in Jc�T� and namely the
presence of peak effect. We note that, for Hdc�Hac�ab-plane,
the peak effect was also observed in a less anisotropic
YBa2Cu3O6.55 single crystal.22

FIG. 2. �Color online� Temperature dependence of the
ac susceptibility �=��+ i�� for Hac�c-axis at different h and
f �Hdc=0 T�. �a� Variation of h from 1 Oe to 30 Oe at fixed
f =333 Hz. �b� Variation of f from 333 Hz to 3 kHz at h=10 Oe.

FIG. 3. �Color online� Temperature dependence of the ac sus-
ceptibility �=��+ i�� for Hdc�Hac�c-axis. �a� Hac=10, 20 and
30 Oe, f =333 Hz at Hdc=0.05 T. �b� Variation of Hdc up to 0.3 T at
Hac=30 Oe, f =333 Hz.

FIG. 4. �Color online� Temperature dependence of the ac sus-
ceptibility �� �in �a�� and �� �in �b�� for different Hac at
f =333 Hz, Hdc=0.05 T �H �ab-plane�. At high h the peak effect is
presented as a dip in ���T� at the peak temperature Tp. The marked
arrow in �b� denotes the onset temperature To of the peak effect at
Hac=15 Oe.
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As shown in Fig. 4�b�, the peak temperature Tp, corre-
sponding to the dip in ���T�, is nearly independent on the ac
field amplitude. At h=10 and 15 Oe, the Tp are 17.76 K and
17.63 K, respectively. The slight decrease of Tp for
h=15 Oe arises from the drop in Tp with increasing the total
field Hdc+Hac. However, the onset temperature To of the
peak effect varies with h. To=17.14 K and 16.57 K at
h=10 Oe and 15 Oe in turn. In accordance with ���T�, ���T�
shows a slow down of the increasing rate in dissipation at
h=10 Oe or even a decrease in dissipation at h=15 Oe be-
tween temperature To and Tp. This can be seen more clearly
in the differential curve of ���T� and suggests a change in
governing the losses in the sample.

We note that no peak effect is detected at low ac field
amplitudes. In YBCO crystals, similar behavior is also
reported.24 Though overall responses of the sample agree
with the critical state model, this may indicate that a bulk
critical state is not formed in PLCCO below Tp at low h.
When the Hac is small enough, the screening current gener-
ated in the sample may be lower than the Jc for temperatures
around Tp and, as a consequence, one is prohibited to detect
the peak effect in Jc�T�. For H �c-axis, it should be reminded
that though the second peak has been revealed in isothermal
magnetization hysteresis loops in NCCO,12,25,26 no peak ef-
fect is observed in PLCCO at comparable field and tempera-
ture range in the ac susceptibility at Hac=30 Oe, as shown in
Fig. 3�b�.

Figure 5 illustrates how the peak effect varies as the dc
field increases for Hac=15 Oe. Similar results were obtained
for Hac=10 Oe. The Tp and the corresponding shoulders in
���T� are denoted by arrows in Fig. 5�b� and Fig. 5�a�, re-
spectively. A general trend of decreasing Tp with increasing

field is clearly seen. In Hdc=0.03 T, the peak effect is de-
picted actually as a kink in ���T�. At low temperature below
Tp, an enhancement of the diamagnetism of the sample, ac-
companied by a decrease in dissipation, is demonstrated
when the dc field increases, which is consistent with the
common belief that the effective disorder, served as the pin-
ning center, increases upon raising the field. Note that up to
Hdc=0.1 T, the peak effect is no longer observed and the
crystal shows strongest diamagnetism and lowest dissipation
at low T.

To understand the underlying physics of the peak effect,
we also performed the ac measurement to determine the ir-
reversibility line, which, marking the line of Jc=0, is another
pinning-related phenomenon in the vortex matter. Figure 6
shows ��T� for various Hdc at Hac=1 Oe. The irreversibility
temperature Tirr was defined by the onset of the diamagnetic
signal in ���T�. This determination is common in ac suscep-
tibility and is equivalent to find the upper onset of the ���T�
peak.19 By extracting the temperature where ���T� becomes
zero at each Hdc in Fig. 6, we obtain the Tirr at various Hdc,
i.e., the irreversibility line in PLCCO.

Figure 7 shows the experimental irreversibility points
Tirr and the peak temperatures Tp in the H-T plane in a
semilog plot. Here, the Tirr points for H �c-axis are also
plotted. They are determined from ��T� at Hac=1 Oe with
Hdc�Hac�c-axis, analogous to the points for H �ab-plane. The
dashed and dotted lines in the figure are fits to Tirr using the
empirical formulas Hirr�T�=88�1− �T /Tc�2�3.9 and Hirr�T�
=5.4�1−T /Tc�2.2 with Tc=25 K for H �ab-plane and
H �c-axis, respectively. A theoretical fit to Tp we shall discuss
later is also shown as a solid line. For H �ab-plane, it is
apparent that the line of Tp locates well below the Tirr line.

Among many microscopic mechanisms for the peak ef-
fect, models including a dimensional crossover �3D-2D� in
the vortex structure27 and thermal-disorder induced vortex
pancake decoupling transition28 were developed considering
H �c-axis and the interlayer decoupling of the pancake vorti-
ces. These models are inappropriate to account for the
present result since we are dealing with an array of Joseph-
son vortices. Similarly, a matching effect between the vortex

FIG. 5. �Color online� Temperature dependence of the ac sus-
ceptibility �� �in �a�� and �� �in �b�� for different Hdc at
Hac=15 Oe, f =333 Hz �H �ab-plane�. The arrows denote the Tp for
different dc fields �in �b�� and the corresponding shoulders in ���T�
�in �a��.

FIG. 6. ��T� for various Hdc at Hac=1 Oe, f =333 Hz
�H �ab-plane�. Hdc=0.05, 0.1, 0.3, 0.5, 1, 1.5, 2, 3, and 4 T �from
right to left�.
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and defect structures is also incorrect because such model
suggests a temperature independence of the transition field.29

In some materials, the peak effect is close to a melting of the
vortex lattice.8,30 This is unlikely in PLCCO because the
peak effect occurs in the irreversible phase of the vortex
ensemble.

Based on energy arguments, it was suggested that there is
an order-disorder transition for the vortex lattice in the pres-
ence of weak point disorder.31–33 A unified picture describing
this transition and its association with the peak effect was
developed recently.34,35 In the framework of this theory, the
Eel dominates and a quasiordered vortex lattice �or Bragg
glass� is preserved at low fields. At higher fields, due to
dominance of the disorder, the interaction between the vortex
and pinning centers results in the proliferation of dislocations
and the Bragg glass is destructed and transformed into a
disordered vortex glass. The peak effect is considered to
originate from this order-disorder transition in the vortex
solid, where the pinning is more effective and leads to larger
critical currents in a disordered vortex glass. The onset of the
second peak in some materials has been interpreted in this
way.12,25,36,37

The observed peak effect may be ascribed to a disorder-
induced transition in the vortex solid. In other words, the line
of Tp in Fig. 7 may separate a low-field quasiordered vortex
lattice from a high-field disordered glass phase. For PLCCO
below Tc, the Eth is expected to be insignificant and it is
mainly the competition of Epin and Eel governing the vortex
structure. According to the above model, the match of these
two energies marks the occurrence of the peak effect. Spe-
cifically, by equating the Eel with Epin and considering the
�Tc pinning, Giller et al.12 have derived the transition field
Hon which has a temperature dependence of the form
Hon�T�=Hon�0��1− �T /Tc�4�3/2. The onset of the second peak
in NCCO �Refs. 12 and 25� and �Bi,Pb�2212 �Ref. 37� crys-
tals for H �c-axis can be fitted well by this equation. We find
that this function also gives a nice fit to Tp, shown as the
solid line in Fig. 7, with Hon�0�=0.1 T and Tc=22 K. The
value of Hon�0� is consistent with the disappearance of the
peak effect in Hdc=0.1 T. In addition, the Hon is determined

by the microscopic parameters such as the coherence length
�, the penetration depth � and the disorder parameter 	
which enter the expression of Eel and Epin.

12 In our experi-
ments, the peak effect is revealed in constant dc fields by
sweeping temperature. So it is actually triggered by the tem-
perature dependence of those superconducting parameters.

Note that, while the above scenario appears plausible, a
key feature of Josephson vortices, namely the presence of
intrinsic pinning, is not involved in it since it is originally
proposed for H �c-axis. For H �ab-plane, theory suggests
that, due to the intrinsic pinning effect, Josephson vortices
actually show qualitatively new features in the phase dia-
gram compared with pancake vortices. In the absence of dis-
order, a pinned smectic state is predicted for Josephson vor-
tices, which is followed by a vortex crystal at low
temperature.38,39 Furthermore, with varying the magnitude of
the applied field and for slight field misalignment, both in-
commensurate �with the periodicity of the layered structure�
and tilted smectic and crystalline phases appear. It is worthy
to note that while the above phases �except for the commen-
surate smectic phase� may be rendered glassy in the presence
of weak point disorder, the nature of the resulting phases is
yet unclear.38 Thus, under this circumstance, one may doubt
whether it is still appropriate to associate the observed peak
effect with a possible disorder-induced transition in Joseph-
son vortices. Indeed, in our crystal, though the peak effect is
observed for the H �ab-plane, one is unable to detect its oc-
currence for H �c-axis at similar measured conditions. This
suggests that certain characteristics unique to Josephson vor-
tices may be crucial to the appearance of the peak effect for
the H �ab-plane. Clearly, further experimental work and
more detailed theory than available are called for to elucidate
what underlies the observed results.

IV. SUMMARY

We have made a comparison of the ac susceptibility in
PLCCO between H �ab-plane and H �c-axis. while the
sample shows a linear response at low temperature for
H �c-axis, it enters into a bulk critical state for H �ab-plane at
the similar measured condition. For H �ab-plane, the dip in
���T� signifies the existence of peak effect due to Josephson
vortices. The temperature at which the peak effect manifests
decreases with increasing fields. Though a scenario based on
a disorder-induced transition in the vortex solid is proposed
to account for this peak effect, its underlying origin needs to
be clarified in the future. These findings should stimulate
further theoretical and experimental explorations of the Jo-
sephson vortex matter in this system.
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squares� and H �c-axis �open squres� and the peak temperatures Tp
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bol size. The lines are fits to the data �see text�.
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